Cilia are conserved microtubule-based organelles with sensory and motile functions. 3
Motile cilia generate forces sufficient to propel whole organisms or bodily fluids within 4 cavities in animals: in respiratory airways to clear the mucus, in the oviduct to move 5 gametes, in the embryonic laterality organ to establish left-right asymmetry, and in 6 the central nervous system to propel the nutrient-rich cerebrospinal fluid (Wallingford 7 2010; Meunier & Azimzadeh, 2016) . In order to generate a directional flow, ciliated 8 epithelia display a uniform orientation of ciliary beating, which is a form of planar cell 9 polarity (PCP). Oriented beating of a cilium usually involves two PCP processes: the 10 off-centering of the cilium basal body (translational polarity, in monociliated epithelia 11 and ependymal cells) and the orientation of its beating relative to the main tissue axis 12 (rotational polarity) (Wallingford 2010) . 13
In many vertebrate ciliated tissues such as the mouse cochlea and ependyma, the 2012; Ohata et al., 2015) . However, the relationships between these different actors 31 and how they impact basal body movement is unclear. 32
Understanding the mechanisms of cilium polarization would highly benefit from a 1 dynamic analysis of BB movements. A major drawback is the difficulty to follow the 2 dynamics of BB polarization in vivo in whole embryos, or to reproduce PCP and 3 cilium polarization in vitro in cultured cells. So far, live imaging of cilium polarization 4 has been performed only in cochlear explants where only confined Brownian motion 5 of centrioles was observed (Lepelletier et al., 2013) and in the mouse node 6 (Hashimoto 2010) and ependyma (Hirota 2010) with very limited temporal resolution. 7
In this paper, in order to get a better understanding of the mechanisms leading to BB 8 off-centering in epithelia, we have used the zebrafish embryonic floor-plate (FP) as a 9 convenient system to investigate the dynamics of the polarization process in live 10 embryos. The FP is a simple mono-ciliated epithelium whose posterior-positioned 11 motile cilia allow circulation of the embryonic CSF in an anterior to posterior fashion. 12
Our results show that planar polarization of BBs and their associated cilia is 13 progressive during somitogenesis and is accompanied by a change in the behavior of 14 the BBs, which are highly motile at early stages and tend to spend an increasing 15 amount of time in contact with the posterior membrane as development proceeds. 16
We found that BBs always contacted membranes at the level of Par3-enriched apical 17 junctions. Par3 became enriched at the posterior apical side of FP cells before BB 18 polarization. Par3 overexpression disrupted FP polarization and its localization was 19 disrupted in a Vangl2 mutant. Thus, we propose that a major role of the PCP 20 pathway in the FP is to drive Par3 asymmetric localization, which in turn mediates 21 BB posterior positioning. To define the time-course of FP cell polarization during somitogenesis, we assessed 14 basal-body (BB) position along the antero-posterior (A/P) axis on fixed embryos from 15 the 6 s to the 26 s stage (Fig. 1a, b ). For each cell we defined a BB polarization index 16 (p.i. in Fig. 1b ). BBs already exhibited a posterior bias at 6 s, since 50% of FP cells 17 had a BB in contact with the apical posterior membrane, and 20% of BBs were 18 located within the posterior third. The polarization state did not change significantly 19 until 10 s. While we could find some FP cells with an anterior BB between the 6 s and 20 14 s stages ( Fig. 1a , yellow arrow), it was not the case later. From 10 s onward, there 21 was a progressive increase in FP polarization, mostly due to an increase in the 22 percentage of cells with a BB in contact with the posterior membrane, with a 23 concomitant disappearance of anterior BBs and a reduction of median BBs. The 24 polarization state of the FP was considered complete at 18 s, since no significant 25 difference could be detected between the 18 s and 26 s stages. Interestingly, we did 26 not detect a gradient of polarization index along the A/P axis of the spinal cord ( Fig.  27 S1a), and single non-polarized cells were often intermingled among polarized 28 neighbors ( Fig. S1b) , arguing against the existence of waves of polarization 29 originating from axis extremities. 30 31 1
BBs are highly mobile in FP cells 2
We then turned to live-imaging to obtain a dynamic view of the polarization process 3 and assess BB motility within the apical surface and potential correlations with cell 4 deformation and cell division. We used time-lapse movies to follow BB movements 5 within the apical surface of individual FP cells at different developmental stages, 6 ranging from 4 s to 21 s. We found that BBs displayed a highly motile behavior, while 7 remaining located in the most apical cortex ( Fig. 1c -f) (Supplementary movies S1-8 S4). They moved both anteriorly and posteriorly ( Fig. S1e , first column), and thus not 9 only toward posterior membranes as could be suggested by the analysis on fixed 10 samples. 11 BB movements seemed independent of cell deformation. Cell deformations along the 12 AP axis were more important at early stages (4-10 s) ( Fig. 1c, d ), probably as a 13 consequence of convergence-extension movements (compare for example purple 14 lines of graphs in Fig1d and e), but most BB movements were not correlated with cell 15 deformation (see Fig. 1c ). At later stages (14-21 s) ( Fig. 1e , f), cell deformations were 16 small and did not correlate with BB movements. One possible explanation for the 17 presence of unpolarized cells next to polarized neighbors is that they could either be 18 in mitosis or soon after mitosis, before BB re-localization. To test this hypothesis, we 19 quantified mitoses and followed daughter cells after cell division. Mitoses were rare in 20 FP cells at early stages (6 mitoses / 79 cells for 9 embryos analyzed at 4-8 s) and 21 absent at later stages (118 cells from 15 embryos at 13-21s). In addition, after 22 cytokinesis, the centriole of the posterior daughter cell returned to the posterior 23 membrane in a very short time (14 min in average, n=6), and so did the centriole of 24 the anterior daughter cell that polarized during the movie (22 min in average, n=3) 25 interphase. Thus, we concluded that the state of FP cell polarization was neither 27 correlated to the cell shape changes nor to the cell cycle. 28
FP polarization involves a change in BB behavior 29
In order to characterize BB behavioral changes during development, we determined 30 the percentage of time that BBs spent in contact with the posterior membrane ( Fig.  31 1g). At early stages, BBs spent in average 44% of their time in contact with the 1 posterior membrane, whereas at later stages (13-21 s) it reached 70%. This was 2 largely due to an increase in the number of cells in which the BB stayed in contact 3 with the posterior membrane during the whole movie (for example in Fig. 1e ). This 4 situation will be referred to as "posteriorly docked BB", although it is not known 5 whether a physical link between BB and the posterior membrane exists. At early 6 stages (4-8s), we did not observe any cell with posteriorly docked BBs (41 cells 7 analyzed, 5 embryos), whereas they made up around a third (34%) of the FP cell 8 population at 13-17s stages (13/38 cells, 6 embryos) and almost half (46%) the FP 9 population at later stages (17-21s, 27/59 cells, 7 embryos). BB behavioral changes 10 during somitogenesis were also characterized by a decrease in the frequency of BB 11 direction changes, as well as an increase in the mean duration of BB/posterior 12 membrane contact events and mean polarization index, suggesting that, as 13 development proceeds, BB movements are less dynamic and more confined to the 14 posterior side of the cell (Fig. S1e , plots of the first line). Posteriorly docked BBs 15 made a significant contribution to these behavioral changes. In order to determine if 16 changes in the behavior of non-posteriorly docked BB contributed to the increase of 17 FP polarization during somitogenesis, we quantified the same parameters, but taking 18 into account only these motile BBs (Fig. S1e , second line): although less drastic, the 19 same trend in BB behavior change was observed. 20
To further characterize the behavior of non-posteriorly docked BB, we quantified the 21 frequency of contact events between the BB and either the anterior or the posterior 22 membrane ( Fig. 1h and i, respectively). First, posterior contacts were more frequent 23 than anterior ones even at 4-8s (compare Fig. 1h and i), confirming that FP cells 24 already have a posterior polarization bias at these early stages. Second, contacts 25 with the anterior membrane were frequently observed at early stages (50% of BBs 26 make at least one anterior contact per hour, see for example at t=70' in Fig1d), but 27 almost never observed at later stages (only 3/57 cells display one anterior contact). 28
Contact frequency with the posterior membrane was also significantly higher at 29 earlier stages (1.3 contact/h on average) than at later stages (around 0.8 30 contacts/hour in average within the 13-21s stage window, Fig. 1i ). This reduction in 31 the number of contact events could be due to an increase in their duration ( Fig. S1e , 32 plot 2 nd column, 2 nd line) and to a reduction in BB speed. Indeed, we found that BBs 1 moved faster at earlier stages (FigS1c, median movement speed was around 2 0.2µm/min at 4-8 s versus 0.1µm/min at 13-21 s). Thus, the observed changes in FP 3 suggesting a causal link between their formation and movement of the BB to the 18 posterior membrane. BB behavior following anterior invaginations did not seem 19 different from BB behavior after posterior invaginations, but these results need to be 20 confirmed as the number of anterior invaginations was very low (we observed only 14 21 such events, compared to the 50 posterior invagination events) (FigS2d). Membrane 22 invaginations were rarely seen at later stages (after 14s, 9/40 cells, 10 embryos), 23 probably in part because BBs spent a higher fraction of their time associated with the 24 posterior membrane (see Fig. 1 and Fig. S1 ). 25
Overall, our dynamic analysis reveals a highly motile behavior of BBs in FP cells at 26 early somite stages. This was unexpected, given that BBs are already anchored to 27 the apical membrane at early somite stages and have grown a cilium that protrudes 28 externally ( order to test a potential role for Par3 in BB posterior positioning in FP cells, we first 10 assessed Par3 localization by immunostaining ( Fig. 2a, b ). At the 14 s stage, Par3 11 localized at apical junctions of FP cells ( Fig. 2a ). Strikingly, Par3 patches were also 12 detected on transverse membranes (anterior and posterior membranes cannot be 13 distinguished in this experiment) and in close contact with posteriorly docked BBs 14 (white arrows, Fig. 2a ). This distribution was confirmed using the BazP1085 antibody 15 In order to test whether Par3 is asymmetrically enriched in FP cells, we used a 21 mosaic expression approach of Par3-RFP and centrin-GFP fusions in live embryos. 22
Quantification of Par3 expression showed that, among fully polarized (p.i. =1) 23
individual Par3-RFP expressing FP cells, both at early (6-12s, Fig. 2c , left) and late 24 (14-20s, Fig. 2c , right) stages, almost all cells had a Par3-RFP post/ant ratio greater 25 than 1 ( Fig. 2d ) (29/30 cells out of 20 embryos; 6-12s, mean ratio= 1.42, N=7, n=9; 26 14-20s mean ratio =1.38, N=13, n=21). To determine whether the enrichment of Par3 27 at the posterior membrane preceded BB/posterior membrane contact, we made 28 movies of BB movements and quantified Par3-RFP posterior/anterior ratio at each 29 time-point; we found that Par3-RFP was enriched posteriorly before the BB contacts 30 the posterior membrane ( Fig. 2e , f) (12/14 cells from 12 embryos) (Supplementary 31 movies S8 and S9). In contrast, BBs of FP cells with weak or no posterior Par3 1 enrichment tended to remain unpolarized (either making no contact (2/5 cells, 5 2 embryos) or unstable contacts (3/5 cells, 5 embryos) with the posterior membrane 3 ( Fig. 2g ) (Supplementary movie S10). 4
Thus, we show that Par3 forms patches at FP apical transverse membranes and that 5
BBs are posteriorly docked at these patches. We further show that Par3 is enriched 6 posteriorly before BB/posterior membrane contact. Together, our data strongly 7 suggest that Par3 is a key player in mediating BB positioning at the posterior 8 membrane, by attracting it and/or holding it when it contacts the posterior membrane. 9 10 At early stages, BBs contact transverse membranes exclusively at Par3 11 patches 12
During the second half of somitogenesis, Par3 tended to form a continuous belt at 13 apical junctions of FP cells, although it was locally enriched, forming patches that 14 associated with centrosomes as described above. In contrast, at the 4 to 8 s stages, 15
Par3 formed small, discrete patches at FP apical transverse membranes, but not at 16 lateral membranes. These patches were roughly aligned with the AP axis of the 17 embryo ( Fig. 3a , white arrows). Strikingly, BBs made contacts with anterior and 18 posterior transverse membranes (as described in Fig. 1 ) exclusively at the level of 19 these patches (58 cells from 18 embryos) as shown in Fig. 3b and Supplementary 20 movie S11. In 33% of these cells (19/58), the discrete Par3 patches stretched toward 21 the BB (for example, Fig. 3b yellow arrows). In about 25% of these stretched patches 22 (5/19) we could detect an underlying membrane digitation originating from either the 23 posterior ( Fig. 3c, t=0 ') or the anterior membrane ( Fig. 3c , t=64') and extending 24 toward the BB (Supplementary movie S12). The presence of membrane digitations 25 and their overlap with Par3 patches point to the existence of mechanical forces 26 between BBs and membranes at the level of Par3 patches and suggests that Par3 27 could be required for local force generation. 28 29
Par3 over-expression disrupts BB positioning 30
To test whether Par3 is required for posterior BB positioning in the FP, we first used a 1 loss-of-function approach. MO-mediated knock-down of Par3ab (also known as 2 Pard3 or ASIP) did not disrupt FP PCP (Fig. S3a ), nor could we see a defect in a 3
MZpar3ab mutant (Blasky et al., 2014) ( Fig. S3c ). However, in both cases, Par3 4 patches could still be detected in the FP by immunostaining ( Fig. S3b, d-g) , 5
suggesting that par3ab loss-of-function was compensated for by its paralogous 6 genes (par3aa, par3ba or par3bb), which could also be detected by our Par3 7 antibodies thanks to the high conservation of the epitopes. We thus turned to an 8 over-expression approach to disrupt Par3 posterior enrichment and patch formation. 9
Over-expressed Par3-RFP in the floor-plate localized to apical junctions and did not 10 judged by immunostaining (median p.i.=0.6 versus 1 for wt or vangl2 m209/+ ) ( Fig. 4a , 31 FP polarization plot). Live-imaging of vangl2 m209/m209 FP revealed that BBs 1 maintained a high motility at late stages. In addition, most vangl2 m209/m209 BBs made 2 at least one contact with either transverse or lateral membranes (70%, 17/25), 3
suggesting that force generators are still present in these mutants but more 4 dispersed around the cell periphery. 5
To test whether Vangl2 could impact Par3 function in this process, we looked at 6 phospho-Par3 localization in the vangl2 mutant. Phospho-Par3 localized at apical 7 junctions in vangl2 m209/m209 as in controls (Fig. 4b ). Automatic detection of Par3 8
patches along the transverse apical junctions revealed that in wt, 90% of FP cells 9 had at least a major phospho-Par3 patch (Fig. 4b , yellow arrows), with 39% of cells 10 also having smaller secondary patches ( Fig. 4c , N=7, n=186). In vangl2 m209/m209 11 embryos, the number of FP cells with at least one phospho-Par3 patch was 12 unchanged (around 90% of cells) but the number of cells with more than one patch 13 was increased (54% of cells, N=7, n=129). In addition, the prominence of phospho-14
Par3 patches fluorescence intensity was decreased in vangl2 m209/m209 embryos as 15 compared to controls (see Fig. 4d for prominence definition and quantification). 16
Similar results were obtained with the antibody against total Par3, although the 17 changes in prominence were not statistically significant in this case. Thus, Par3 18 forms more numerous and smaller patches in Vangl2 mutants, showing a role for 19
Vangl2 in Par3 clustering. 20
To analyze BB behavior in vangl2 mutants and test whether Par3 localization was 21 affected in vangl2 m209/m209 FP cells, we made time-lapse movies of embryos 22 mosaically injected with Par3-RFP ( Fig. 4e , f) (Supplementary movies S13 and S14). 23
In vangl2 mutants, FP cells displayed motile BBs that contacted the membrane at the 24 level of Par3 patches, but the distribution of the patches was very different. 25
Compared to control embryos (vangl2 +/+ and vangl2 m209/+ ), vangl2 m209/m209 embryos at 26 4-8s displayed more cells with an anterior Par3 patch (82% vs 67%) and less cells 27 with a posterior patch (65% vs 87%). In addition, lateral Par3 patches were much 28 more common in vangl2 mutants (70% vs 20%, vangl2 m209/m209 : N=7, n=17; controls : 29 N=16, n=45, Fig. 4g ). These results show that Vangl2 is required for proper 30 positioning of Par3 patches at early stages. Interestingly, live-imaging of these 31 embryos also revealed that, despite Par3 mislocalization, BB still made contact with 32 membranes exclusively at Par3 patches ( Fig. 4e , f) independently of their position, 1 whether laterally ( Fig. 4e ) or posteriorly (Fig. 4f ). These observations show that Par3 2 distribution along apical junctions is disrupted in vangl2 mutants, leading to a 3 fragmentation of Par3 patches into more numerous and less intense clusters that 4 extend to lateral membrane. 5
DISCUSSION 6
In this paper we have analyzed the dynamics of BB posterior positioning in the 7 embryonic zebrafish FP. We show that, quite unexpectedly, BBs are highly mobile (1 µm/min) (Yi et al., 2013) . This suggests that BB movements in FP cells could rely 28 on mechanisms similar to those found in T lymphocytes, where end-on capture-29 shrinkage of microtubules by dynein at the immune synapse pulls the centrosome. A 30 striking difference between these two processes is the presence of a growing cilium 31 anchored to the distal part of the BB in FP cells. Thus, it is likely that the presence of 1 a cilium does not have a major impact on BB movement. 2
The lack of synchronization between adjacent cells and of long-range temporal 3 gradient of BB polarization suggests that the timing of polarization is largely 4 dependent on cell-intrinsic cues. Cell division did not appear to have a major role in 5 the timing of polarization. Thus, we proposed the maturation of cell junctions as a 6 possible trigger of polarization. Accordingly, we found that Par3 accumulated in 7 patches at the posterior apical junctions of FP cells and that this accumulation 8 preceded BB posterior docking. Interestingly, several recent studies suggest that 9 Wild-type and mutant zebrafish embryos were obtained by natural spawning. To 3 obtain the early stages (4-8s), embryos were collected at 10 am and incubated for 9 4 h in a 33°C incubator. To obtain later stages (14-20s), embryos were collected at 10 5 am and incubated for 2 h at 28 °C before being placed overnight in a 24 °C incubator. 6
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The authors declare no competing financial interests. n=156 the difference between first and last AP axis levels were also small and non-8 statistically significant). b Still images from FP BB (green) and membrane (magenta) 9 live imaging (dorsal view, start at 14s stage). The yellow arrow points to BB that will 10 move and make contacts with the posterior membrane between 0 and 50 min after Filename: Supplementary movie 5 43
Description: Live imaging of the rapid repolarization of the anterior 44 daughter cell after FP cell division. wt embryos were injected with Centrin-GFP 45
(green) and membrane-Cherry (magenta) mRNAs at the one-cell stage. White arrows 46 1 daughter cell, which rapidly moves back to the posterior membrane after cytokinesis. 2
Images were taken every 2 minutes during the 5 s to 7 s stages time-frame. Dorsal 3 view. Corresponds to FigS1d. 4 5
Filename: Supplementary movie 6 6
Description: Live imaging of BB movements in a FP cell displaying a 7 membrane invagination between BB and the posterior membrane (yellow 8 arrow at t=115 min). wt embryos were injected with Centrin-GFP (green) and 9 membrane-Cherry (magenta) mRNAs at the one-cell stage. White arrows point at the 10 BB. Images were taken every 5 minutes during the 6 s to 9 s stages time-frame. 11
Dorsal view. Corresponds to FigS2a. 12 13
Filename: Supplementary movie 7 14
Description: Live imaging of BB movements in a FP cell displaying a 15 membrane invagination between BB and the anterior membrane (yellow 16 arrow at t=18 min). wt embryos were injected with Centrin-GFP (green) and 17
membrane-Cherry (magenta) mRNAs at the one-cell stage. Membrane invaginations 18
between the posterior membrane and BB can also be seen at t=10min, t=26min and 19
t=66min. White arrows point at the BB. Images were taken every 2 minutes during 20
the 8 s to 10 s stages time-frame. Dorsal view. Corresponds to FigS2b. 21 22
Filename: Supplementary movie 8 23
Description: Live imaging of BB movements and Par3-RFP localization in 24 a polarizing FP cell. wt embryos mosaically expressing Centrin-GFP (green) and 25
Par3-RFP (magenta). White arrows point at the BB at t=0 and at t=30 min, when the 26 BB touches the posterior membrane. Images were taken every 2 min during the 15 s 27 to 17 s stages time-frame. Lateral view. Corresponds to Fig2e. 28 29
Filename: Supplementary movie 9 30
Description: Live imaging of BB movements and Par3-RFP localization in 31 a polarizing FP cell. wt embryos mosaically expressing Centrin-GFP (green) and 32
Par3-RFP (magenta). White arrows point at the BB at t=0 and at t=60 min, when the 33 BB touches the posterior membrane. Images were taken every 4 min during the 8 s 34
to Description: Live imaging of BB/Par3 patch contacts in an early-stage FP 47
cell. wt embryo mosaically expressing Centrin-GFP, Membrane-GFP (green) and 48
Par3-RFP (magenta). White arrows point at the BB at the beginning of the movie, 1 when the BB is in contact with the anterior Par3 patch, at t=30 min when it makes a 2 contact with the posterior Par3 patch and at the end of the movie. Images were taken 3 every 2 min during the 4 s to 5 s stages time-frame. Dorsal view. Corresponds to 4
Fig3b.
6
Filename: Supplementary movie 12 7
Description: Live imaging of membrane invaginations at the level of Par3 8 patches in early stage FP cells. wt embryo mosaically expressing Centrin-GFP, 9
Membrane-GFP (green) and Par3-RFP (magenta). White arrows point at the BB at 10 the beginning and at the end of the movie. Yellow arrows at t=0 and t=68 min point at 11 membrane invaginations originating from the posterior and the anterior Par3 patches, 12
respectively. Images were taken every 4 min during the 7 s to 8 s stages time-frame. 
